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(57) ABSTRACT

According to one embodiment, a method of manufacturing a
semiconductor device includes forming a resist and a layer to
be etched on a substrate, forming a non-cured layer on the
resist by supplying a metal compound containing Ru, forming
a cured layer on a surface layer of the resist by using the
non-cured layer, and etching the layer to be etched by reactive
ion etching using the cured layer and the resist as a mask.

12 Claims, 6 Drawing Sheets
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1
METHOD OF MANUFACTURING
SEMICONDUCTOR DEVICE AND
SEMICONDUCTOR MANUFACTURING
APPARATUS

CROSS-REFERENCE TO RELATED
APPLICATION

This application is based upon and claims the benefit of
priority from Japanese Patent Application No. 2013-205882,
filed Sep. 30, 2013; the entire contents of which are incorpo-
rated herein by reference.

FIELD

Embodiments described herein relate generally to a
method of manufacturing a semiconductor device and a semi-
conductor manufacturing apparatus.

BACKGROUND

In a reactive ion etching (RIE) process using a resist in a
semiconductor process, when a selection ratio of resist for a
material to be etched is small, an etching amount of the resist
increases more than necessary.

During the RIE using the resist as a mask, unevenness
occurs in etching due to non-uniformity in hardness of the
resist, non-uniformity of a plasma density during the RIE, and
the like, and thus a width or a shape of a pattern is different in
each region. As a result, roughness occurs in a pattern includ-
ing the resist and a material to be subjected to the RIE.

An example of related art includes JP-A-2003-273291.

DESCRIPTION OF THE DRAWINGS

FIG. 1 is a view illustrating a schematic configuration of a
semiconductor manufacturing apparatus according to a first
embodiment.

FIG. 2 is aflowchart illustrating a method of manufacturing
a semiconductor device according to the first embodiment.

FIG. 3 is a process cross-sectional view illustrating the
method of manufacturing a semiconductor device according
to the first embodiment.

FIG. 4 is a process cross-sectional view illustrating the
method of manufacturing a semiconductor device according
to the first embodiment.

FIG. 5 is a process cross-sectional view illustrating the
method of manufacturing a semiconductor device according
to the first embodiment.

FIG. 6 is a process cross-sectional view illustrating the
method of manufacturing a semiconductor device according
to the first embodiment.

FIG. 7 is a process cross-sectional view illustrating the
method of manufacturing a semiconductor device according
to the first embodiment.

FIG. 8 is a process cross-sectional view illustrating the
method of manufacturing a semiconductor device according
to the first embodiment.

FIG. 9 is a view illustrating a semiconductor device that is
obtained by carrying out reactive ion etching (RIE) without
forming a resist having a cured surface.

FIG. 10 is a process cross-sectional view illustrating a
method of manufacturing a semiconductor device relating to
a second modification example of the first embodiment.

FIG. 11 is a process cross-sectional view illustrating a
method of manufacturing a semiconductor device relating to
a second modification example of the first embodiment.
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FIG. 12 is a view illustrating a schematic configuration of
a semiconductor manufacturing apparatus according to a sec-
ond embodiment.

DETAILED DESCRIPTION

Exemplary embodiments are to provide a method of manu-
facturing a semiconductor device, which is capable of pre-
paring an excellent pattern.

In general, according to one embodiment, there is provided
a method of manufacturing a semiconductor device. The
method includes forming a resist and a layer to be etched on
a substrate, forming a non-cured layer on the resist by sup-
plying a metal compound containing Ru or W, forming a
cured layer on a surface layer of the resist by using the
non-cured layer, and etching the layer to be etched by reactive
ion etching using the cured layer and the resist as a mask.

First Embodiment

FIG. 1 shows a schematic view illustrating a configuration
of a semiconductor manufacturing apparatus 200 according
to a first embodiment. The semiconductor manufacturing
apparatus 200 includes a chamber 10, a stage 20, a bias
voltage application unit 30, a gas supply unit 40, a gate valve
50, an evacuation unit 60, a coil (mechanism that generates
plasma) 70, and a raw material supply nozzle 80.

The chamber 10 is a container that carries out a film for-
mation process, and retains airtightness. The stage 20 and a
wafer W are accommodated inside the chamber 10. An open-
ing 10a through which the wafer W is carried in and carried
out is formed in the chamber 10.

The stage 20 retains the wafer W on a top surface 20a. A
semiconductor device 1 is formed by forming a pattern in the
wafer W on the stage 20. In addition, due to the bias voltage
application unit 30, the stage 20 may attract inert gas ions in
plasma generated by the coil 70 to the wafer W, and may allow
a layer 5 (non-cured layer), which is formed on a resist 4 and
which contains a resist curing element, to be knocked on a
surface of the resist 4.

The gas supply unit 40 is connected to a gas supply source
(not shown) and supplies various kinds of gases to the inside
of'the chamber 10. The gas supply unit 40 includes a system
that supplies a gas (for example, a CF, gas, a C,F; gas, an SF
gas, an NF; gas, a Cl, gas, and a BCl, gas) necessary for dry
cleaning of the chamber 10, and a system that supplies a gas
(for example, an Ar gas and an N, gas) necessary for knock-
on. These systems include a mass flow controller (MFC) that
controls a gas flow rate for each kind of gas, and a valve that
carries out supply and cut-off of a gas.

The gate valve 50 opens and closes the opening 10a of the
chamber 10.

The evacuation unit 60 includes an evacuation pump 61
and a throttle valve 62. One end side of the evacuation unit 60
is connected to the chamber 10, and the other end side
includes a vacuum pipe 63 that is connected to the evacuation
pump 61. The throttle valve 62 is disposed between the cham-
ber 10 and the evacuation pump 61, and controls a pressure
inside the chamber 10 by changing conductance of the
vacuum pipe 63. In addition, an exhaust side of the evacuation
pump 61 is connected to a detoxifying device (not shown).

The coil 70 controls plasma that is generated inside the
chamber 10 by adjusting a magnetic field inside the chamber
10. As a power supply for plasma generation, a power supply
such as an RF, an ICP, and an ECR may be used.

The raw material supply nozzle 80 is connected to the
chamber 10, and supplies a metal compound that contains Ru
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into the chamber 10. It is preferable that the metal compound
contains an organic material from the viewpoint that a vapor
pressure of the metal compound containing the organic mate-
rial is high, and thus it is possible to easily remove the metal
compound. In this case, the metal compound is an organic
metal complex, and specific examples of the organic metal
complex include Ru(EtCp),, RuCpBuCp, or RuCpPrCp. Et
represents an ethyl group, Pr represents a propyl group, Bu
represents a butyl group, and Cp represents a cyclopentadi-
enyl group. In addition, the metal compound containing the
organic material is not limited to the above-described Ru
compound, and may include a W compound. In addition, the
metal compound may contain an inorganic material, and in
this case, the metal compound is a compound that contains,
for example, a halide.

The semiconductor manufacturing apparatus 200 may
carry out a process of forming a film 5 that contains a resist
curing element, a process of introducing an inert gas, and a
process of carrying out knock-on by anisotropic plasma in
succession in the same chamber 10. Each part of an apparatus
may be reduced, and thus it is possible to suppress a cost
increase during manufacturing. In addition, the semiconduc-
tor manufacturing apparatus 200 may have a configuration in
which a chamber used during formation of the film 5 that
contains the element to cure the resist and a chamber used
during the knock-on by plasma of an inert gas are connected
to each other.

FIG. 2 shows a flowchart illustrating a method of manu-
facturing the semiconductor device 1 according to the first
embodiment. FIGS. 3 to 8 show process cross-sectional views
illustrating the method of manufacturing the semiconductor
device 1 according to the first embodiment.

As shown in FIG. 3, a layer 3 to be etched (hereinafter, also
referred to as an etched layer 3 after being subjected to an
etching process) is formed on a substrate 2 (step S101). The
layer 3 to be etched is a layer that includes an oxide such as
Si0,.

As shown in FIG. 4, first, a resist 4 is formed (step S102).
For example, the resist 4 is a compound that contains an
organic material.

As shown in FIG. 5, Ru is deposited on the layer 3 to be
etched and the resist 4 according to a plasma CVD method to
form the layer 5 that contains a resist curing element (step
S103). Here, the element of the layer 5 which is contained for
resist curing represents Ru. The thickness of the layer 5 that
contains the resist curing element is preferably 10 nm or less.
According to this, the layer 5 that contains the resist curing
element gets into the resist 4 in the following knock-on pro-
cess (step S104), and thus it is possible to prevent the resist 4
from being swelled by a thickness of the resultant embedded
layer.

As shown in FIG. 6, a magnetic field is controlled by
controlling a bias to be applied to the coil 70 during introduc-
tion of an inert gas to generate plasma. In addition, a bias is
applied to the stage 20 from the bias voltage application unit
30 to irradiate the substrate 2 with anisotropic inert gas ions,
thereby carrying out a (knock-on) process of ejecting Ru
atoms by using the resultant incident inert gas ions (step
S104). According to this, a resist 7 having a cured surface is
formed on a surface layer of the resist 4. At this time, the layer
5 that contains the resist curing element is also embedded in
the layer 3 to be etched, and thus a layer 6 that contains Ru is
also formed.

In addition, examples of the inert gas that is introduced in
the process include gases such as Ne, Ar, Kr, and Xe. In
addition, it is preferable that a pressure be as high as possible
in a range capable of generating plasma. For example, the
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pressure is preferably set to 0.1 Pa or higher by induction of
the inert gas. Inert gas ions are emitted by bias application in
a direction perpendicular to the substrate 2. However, when
the inert gas ions collide with or are repelled from the sub-
strate 2 by increasing the pressure in a vapor phase, it is
possible to increase momentum of in a horizontal direction
with respect to the substrate 2. According to this, knock-on
may also be carried out on a side surface of the resist 4.

As shown in FIG. 7, the layer 3 to be etched is etched
according to a plasma reactive ion etching (RIE) method by
using the resist 7 having a cured surface and the resist 4 as a
mask (step S105). The etching is carried out by introducing an
etching gas of an oxide that constitutes the layer 3 to be etched
into the chamber 10, and by irradiating the substrate 2 with
anisotropic ions by bias application.

The resist 7 having a cured surface does not contain a lot of
O atoms, and thus the resist 7 is not likely to react with Ru
atoms. Therefore, the resist 7 having a cured surface is not
likely to be etched, and thus remains on the surface layer of
the resist 4.

On the other hand, the layer 6 that contains Ru reacts with
oxygen atoms in the layer 3 to be etched during the RIE
process, and thus volatile RuO,, is formed. RuO, vaporizes
immediately in an initial stage of the RIE, and thus RuO, does
not remain on the substrate 2. Accordingly, the layer 6 con-
taining Ru does not have a great effect on processing of the
layer 3 to be etched.

As shown in FIG. 8, an oxygen plasma ashing process is
carried out to remove the resist 4 and the resist 7 which has a
cured surface and which remains on the surface layer of the
resist 4 (step S106). Ru reacts with oxygen during the oxygen
ashing process using oxygen to form RuQO,, and the RuO,
vaporizes, and thus Ru does not remain on the substrate 2. The
resultant etched layer 3 remains on the substrate 2, and thus a
pattern by the layer 3 is formed.

An effect of the method of manufacturing a semiconductor
device according to this embodiment will now be described.

In the method of manufacturing a semiconductor device
according to this embodiment, since the resist 7 having a
cured surface is formed on the surface layer of the resist 4, the
resist 4 is protected during the RIE, and thus etching of the
resist 4 itself is suppressed. According to this, it is possible to
prevent a variation from occurring in a shape of the resist 4,
and thus it is possible to prepare a uniform and excellent
pattern.

An examination will be made with respect to a configura-
tion in which the resist 7 having a cured surface is not formed.
FIG. 9 is a view illustrating a semiconductor device that is
obtained by carrying out the reactive ion etching (RIE) with-
out forming the resist 7 having a cured surface. (a) of FIG. 9
shows a plan view of a semiconductor device, and (b) of FIG.
9 shows a cross-sectional view taken along a line A-A' in the
plan view. The layer 3 to be etched is etched by irradiation of
anisotropic ions during the RIE. However, during the RIE
process using the resist 4 as a mask, roughness occurs in a
pattern constituted by the resist 4 and the etched layer 3 due to
non-uniformity in hardness of the resist 4, non-uniformity of
a plasma density during the RIE, and the like.

First Modification Example

In a first modification example, a CO gas is added as an
introduction gas in step S105. For example, the layer 3 to be
etched (i.e., the etched layer 3) is a compound which contains
Si and which does not contain an oxide.

In step S105, when the RIE is carried out by adding a CO
gas as an introduction gas, the CO gas reacts with Ru in the
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layer 3 to be etched to form Ru;(CO),, (step S105). On the
other hand, the CO gas does not react with Ru atoms embed-
ded in an organic material, that is, Ru atoms in the resist 7
having a cured surface. Accordingly, it is possible to selec-
tively remove the layer 3 to be etched.

In step S106, the oxygen plasma ashing process is carried
out to remove the resist 4 and the resist 7 which has a cured
surface and which remains on the surface layer of the resist 4
(step S106). Ru reacts with oxygen during the oxygen ashing
process using oxygen to form RuO,, and the RuO,, vaporizes,
and thus Ru does not remain on the substrate 2.

In this modification example, the method of carrying out
the RIE by introducing the CO gas as the introduction gas is
effective for the layer 3 to be etched which does not contain an
oxide of Si, a metal compound, and the like. In addition, the
layer 3 to be etched, which is a target in this modification
example, is not limited to Si or a metal compound, and even
when containing an oxide such as SiO,, the layer 3 to be
etched may be selectively etched.

Second Modification Example

In a second modification example, as shown in FIG. 10, in
step S103, an Ru-containing gas is supplied from the raw
material supply nozzle 80, and the wafer W is heated on the
stage 20 from 100° C. to 200° C. to form the film 5 that
contains a resist curing element (step S103). Similar to the
first modification example, the layer 3 to be etched in this
modification example is, for example, a compound which
contains Si and which does not contain an oxide. In addition,
in the first embodiment, the metal compound, which is sup-
plied from the raw material supply nozzle 80, is decomposed
by plasma generated by the coil 70 to form the film 5 that
contains the resist curing element on the entire surface of the
resist 4 by the plasma CVD method. However, in this modi-
fication example, plasma is not generated by the coil 70.

When forming the film 5 that contains the resist curing
element, an incubation time is different between a surface of
the resist 4 and a surface of the layer 3 to be etched which
contains Si. Accordingly, Ru is not grown on the layer 3 to be
etched while Ru is deposited on the resist 4 in a thickness of
10 nm or less. The incubation time represents a time taken
until nucleation occurs after Ru is deposited on the layer 3 to
be etched and the resist 4, or a time taken until the film that
contains the resist curing element is formed. Accordingly, itis
possible to selectively form the film 5 that contains the resist
curing element only on the surface of the resist 4 without
forming the film 5 that contains the resist curing element on
the layer 3 to be etched.

In the knock-on process in step S104, as shown in FIG. 11,
the resist 7 having a cured surface is formed. The film 5 that
contains the resist curing element is not present on the layer 3
to be etched, and thus the layer 6 that contains Ru is not
formed.

In this modification example, since the layer 6 that contains
Ru is not formed and only the resist 7 having a cured surface
is formed, it is possible to increase an effect of selectively
etching the layer 3 to be etched during the RIE.

Second Embodiment

A method of manufacturing a semiconductor device
according to a second embodiment will now be described.
FIG. 12 shows a view illustrating a schematic configuration of
a semiconductor manufacturing apparatus 200 according to
the second embodiment. In the semiconductor manufacturing
apparatus 200, a spray nozzle 90 is provided inside the cham-
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ber 10. In the spray nozzle 90, a plurality of penetration holes
90a are provided to diffuse a metal compound supplied from
the raw material supply nozzle 80 and to introduce the metal
compound in the chamber 10.

A method of manufacturing the semiconductor device 1 is
the same as the flowchart in FIG. 1.

The method of manufacturing the semiconductor device 1
according to the second embodiment will now be described.
In the second embodiment, the same reference numerals will
be given to the same configuration parts as the first embodi-
ment, and description thereof will not be repeated. Descrip-
tion will be made with respect to the other parts.

A layer 3 to be etched according to the second embodiment
is different from that in case of the first embodiment in that the
resist 7 having a cured surface is formed by a spray method.
In this case, a liquid metal compound is blown onto the
substrate 2 to form the layer 5 that contains a resist curing
element.

An effect of the method of manufacturing the semiconduc-
tor device 1 according to this embodiment will now be
described. It is possible to form the layer 5 that contains the
resist curing element by blowing the metal compound onto
the substrate 2 by using the spray nozzle 90. In this case, it is
possible to effectively form the film 5 that contains the resist
curing element with a less raw material in comparison to the
first embodiment. Further, power for generating plasma or
power for raising a temperature of the wafer W is not neces-
sary to form the film 5 that contains the resist curing element.
As a result, it is possible to manufacture a semiconductor
device at a low price.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not intended to limit the scope of the inventions.
Indeed, the novel embodiments described herein may be
embodied in a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the
embodiments described herein may be made without depart-
ing from the spirit of the inventions. The accompanying
claims and their equivalents are intended to cover such forms
or modifications as would fall within the scope and spirit of
the inventions.

What is claimed is:

1. A method of manufacturing a semiconductor device, the
method comprising:

forming a resist and a layer to be etched on a substrate;

forming a non-cured layer on the resist by supplying a

metal compound containing Ru;

forming a cured layer on a surface layer of the resist by

using the non-cured layer; and

etching the layer to be etched by reactive ion etching using

the cured layer and the resist as a mask.

2. The method according to claim 1, further comprising:

oxygen plasma asking of allowing oxygen plasma to react

with the resist and the cured layer to remove the resist
and the cured layer after the etching process.

3. The method according to claim 1,

wherein the metal compound is an organic metal complex.

4. The method according to claim 1,

wherein the metal compound is Ru(EtCp),, RuCpBuCp, or

RuCpPrCp.

5. The method according to claim 1,

wherein the non-cured layer is formed by blowing the

metal compound.

6. The method according to claim 1, wherein the layerto be
etched contains SiO,.

7. The method according to claim 6, wherein the metal
compound reacts with the layer to be etched and forms RuO,,.
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8. The method according to claim 1, wherein the metal
compound includes a halide.

9. The method according to claim 1, wherein a thickness of
the non-cured layer is 10 nm or less.

10. The method according to any one of claim 1, 5

wherein a gas containing CO is used during the reactive ion

etching.

11. The method according to claim 10, wherein the gas
which include the gas containing CO reacts with the non-
cured layer and forms Ru;(CO),. 10

12. The method according to claim 1, wherein the layer to
be etched contains Si.
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